The superconducting 1.3-GHz niobium cavities of the XFEL linear accelerator will be cooled in a bath of saturated liquid He II at a temperature of 2 K. The liquid He II supply of the 1.7-km long linac is subdivided in sections of about 150 m length. In these sections a two-phase flow of He II liquid and corresponding vapor occurs. A stable stratified smooth helium flow has to be maintained for the RF operation of the cavities, to avoid any vibrations or microphonic effects. A computer code has been developed to simulate the two-phase flow patterns in the XFEL-linac, based on an existing model. The flow characteristics at different cryogenic loads and helium temperatures have been calculated. The results are shown and the consequences for the design of the XFEL-linac cryogenic system are discussed.
INTRODUCTION
The construction of the European XFEL project [1] has started at DESY. A 1.7-km long superconducting linear accelerator will deliver a pulsed electron beam of 20 GeV to operate a free electron laser in the x-ray region at 0.1 nm. The design of the XFEL-linac is based on the technology, which was developed in the framework of the TESLA Technology Collaboration in the past 15 years. This technology will also be applied for the International Linear Collider. The layout of the XFEL-linac cryogenic system was already described [2] . As a key feature for the XFEL cryogenic system, the He II two-phase flow had to be investigated in detail, to validate the existing design, find the optimum operating conditions and detect the limits of the applicable heat loads. The RF operation of the superconducting cavities and the alignment of the quadrupoles in the cryomodules are extremely sensitive to any kind of vibrations or microphonic effects, which might be caused by helium flow. In view of a stable two-phase flow, the limits are reached as soon as the smooth stratified flow changes into stratified wavy flow. The long term operation of the superconducting FLASH-linac at DESY has proven the cryogenic design in many aspects. However, some operation parameters of the XFEL-linac can not be reached. The resulting vapor mass flow in the XFEL-linac cryostats will be an order of magnitude larger compared to the mass flows, which can be reached in the FLASH-linac. Also the XFELlinac will be inclined in respect to the gravitational equipotential surface. For the time being, simulations of the saturated He II two-phase flow are required to investigate the cryogenic system. The He II two-phase flow was already analyzed for the proposal of the TESLA500 superconducting linac [3, 4] . The existing rigorous He II two-phase flow model [5] served as a basis for the present investigations for the XFEL-linac.
THE CRYOGENIC LAYOUT OF THE XFEL-LINAC
The about 1000 superconducting 1.3-GHz niobium cavities of the XFEL-linac will be cooled in a bath of saturated liquid He II at a temperature of 2 K. The liquid He II supply of the 1.7-km long linac is subdivided in sections of about 150 m length, each consisting of 12 cryomodules. In these sections -called 'strings'-a two-phase flow of saturated He II liquid and corresponding vapor occurs (see FIGURE 1.) FIGURE 2 shows the basic cryogenic linac structure. The linac will be built laser straight, the liquid helium flow will be inclined, depending on the position in the linac. The arrangement of the helium supply via JouleThomson valves in the string connection boxes results in downhill flow of the liquid.
TWO-PHASE FLOW MODEL AND COMPUTER CODE
The computer code is based on an existing two-phase flow model [5] . As basic assumptions one dimensional steady state flow of both phases, saturation state at any cross section of channel and stratified flow with smooth interface between liquid and vapor phases are considered. Mass, linear momentum and energy conservation for liquid He II and the vapor lead to a system of differential equations.The system of differential equations is solved by a fourth-order Runge-Kutta method. Leaving the basic core of the model unchanged, the computer code, which was originally written in FORTRAN code, was transferred into object oriented C++ code. The object oriented program allows an easy change of parameters. In particular, design details of the real structures of the linac can be easily projected into the computer code. To obtain the helium properties the HEPAK code was used. Also here, the FORTRAN code was transferred into object oriented C++ code. In terms of C++ the classes for single phase, saturated vapor and saturated liquid helium were created. The computer algorithms of the original model and the HEPAK code had to be refined in many details to increase the performance and allow stable data processing for a large variety of input parameters, like operation temperatures and cryogenic loads. The resulting C++ code can be used on different computer platforms. One simulation run for the XFEL two-phase system takes about 10 minutes on a 3 GHz PC. Based on the numerical results, the flow pattern for the XFEL strings could be drawn. Smooth stratified flow can be distinguished from wavy stratified flow by the dimensionless K-parameter [6] .
where ? l is the liquid density; ? g is the vapor density; V GS is the superficial vapor velocity; V LS is the superficial liquid velocity; g is the gravity acceleration; µ is the He II viscosity and ß is the angle of tube inclination. For a safe design of the XFEL cryogenic system, only smooth stratified flow will be accepted. This is a quite restrictive and conservative criterion. Taking into account thatfor the time being -no operation experience exists with a machine of this technology, which is an order of magnitude larger than the FLASH-linac at DESY.
SIMULATION RESULTS

Validation of the XFEL cryogenic design parameters
For the start of the project only 104 cryomodules will be installed instead of 120 and the energy will be limited to 17.5 GeV. In this paper we will refer to the TDR [1] and to final design parameters. TABLE 1 shows the resulting heat loads at 2 K for one XFEL cryomodule. For the design of the cryogenic system, 15 W is dissipated into the He II bath at 2 K by each cryomodule in the linac. One regular string consisting of 12 cryomodules dissipates 180 W, corresponding to a vaporization rate of about 0.0077 kg/s. In total, each string JT-valve has to be supplied by a mass flow rate of about 0.0085 kg/s at a temperature of 2.2 K and a pressure of 1.2 x 10 5 Pa, resulting in a liquid flow rate of 0.0077 kg/s and a flash vapor flow rate of 0.0008 kg/s at 2 K and 3126 Pa at the start of the string. FIGURES 3 -6 show the flow patterns of liquid He II / vapor flow of different strings in the XFELlinac under these design conditions. The border line of the K-parameter, which separates the stratified smooth from the stratified wavy flow, is drawn versus the liquid He II level in the two-phase tube [6] . The liquid level and the corresponding K-parameter are shown for each cryomodule. The highest liquid level is close to the JT-valve in each string (right side of the figures.) It is assumed that the two-phase tubes are filled to about 50% in each string. String 1 is situated at the far end of the linac in beam direction. String 11 is closest to the refrigerator. String 11 is an 'irregular' unit; it consists of 4 standard 1.3 GHz XFEL cryomodules and two cryomodules with 20 3.9 GHz cavities each. Here 34 W design heat load is assumed for each 3.9 GHz cryomodule, corresponding to the two peaks on the left side in FIGURE 3. Beside string 11, it is obvious that the general flow patterns depend on the position of the string in the linac. The vapor return flow in the GRT increases from the far end of the linac towards the refrigerator. The return flow influences also the vapor flow conditions in the two-phase tube. As a result, the K-parameters in string 10 (FIGURE 4) are larger than the values in string 1 (FIGURE 5). The inclination of the linac, which is largest at both ends, causes a decrease of the liquid level across the individual strings (see FIGURES 4 and 5). String 5 in the middle of the linac shows only a minor level decrease (FIGURE 6). As can be seen from FIGURES 3-6 all flow patterns correspond to a stratified smooth helium two-phase flow across the linac at design operating conditions. If the special operating conditions of the 3.9 GHZ cryomodules in string 11 are neglected, the flow conditions in string 10 seem to be most critical. Therefore string 10 is taken here as a reference for the two-phase flow conditions in the complete linac. 
Operation at reduced temperatures
The RF electrical surface resistivity of superconducting cavities can be lowered to the residual resistance, if the operation temperature is decreased, according to the BCS theory of RF superconductivity. As a consequence, the RF quality factor Q o is increased and the heat losses are reduced. The residual resistance depends on the material properties, the preparation and the magnetic shielding of the cavities. The XFEL prototype 1.3 GHz cavities of the TESLA shape perform at accelerating fields up to 30 MV/m as proposed by the BCS theory. Lately the temperature dependence of the cavity heat losses of a complete XFEL prototype cryomodule (production No.6) could be measured (see FIGURE 8.) In , RF repetition rate 10 Hz. The design loads result from 1.5 times calculated loads. The dynamic RF losses are also listed for operation temperatures at 1.8 K and 1.6 K. Here it is assumed that the RF losses show BCS-characteristic. are estimated under the assumption that BCS-characteristic is achieved for the RF loads. About 20-40% of the He II heat losses could be saved if the operation temperature is lowered to 1.8 K or 1.6 K correspondingly. At the same time, also the two-phase helium flow conditions are affected, if the operation temperature of the He II bath is decreased. FIGURES 9 and 10 show the flow patterns of string 10 for the linac operation at the design parameters but at reduced temperatures at 1.8 K and 1.6 K. The heat loads correspond to TABLE 1. Also for this operation mode the simulations result in stratified smooth twophase flow conditions for the most critical string 10. If the heat loads per cryomodule are increased to 20 W at 2 K, 17 W at 1.8 K and 13 W at 1.6 K correspondingly, the transition to wavy flow occurs in string 10. FIGURE 11 summarizes the temperature dependence of the transitions to stratified wavy flow in string 10. 
SUMMARY AND CONCLUSIONS
The application of a rigorous model for the two-phase He II flow to the XFEL-linac design operating conditions has validated the present layout of the cryogenic system. The two-phase flow patterns show stratified smooth flow for all parts of the linac, according to the simulation. Heat loads up to 20 W/ cryomodule can be tolerated. As a result, the cavities could be operated up to about 28 MV/m (18.5 W/ cryomodule) corresponding to 20 GeV electron energy with only 100 cryomodules. The flow patterns depend on the position in the linac. The two-phase flows close to the refrigerator are most critical due to the inclination of the linac and the high vapor velocities in the GRT. The simulation demonstrated also that an operation at reduced temperatures down to 1.6 K is not limited by the two-phase flow patterns as long as the dynamic heat loads of the XFEL cavities are in line with BCS-characteristic. Changes in the two-phase flow pattern are balanced by the reduced heat loads at decreased operation temperatures as presumed previously [7] . The rigorous two-phase flow model could be used as a design tool, as proposed earlier [5] .
